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Background of the Invention 

[0001] An indium phosphide (InP)-based heteroj unction bipolar transistor (HBT) 

is useful in applications where high-frequency operation and relatively high 
breakdown voltage, on the order of 10 to 20 volts, is desirable. The approximate 

relationship fMAX = , where fx is the current-gain-bandwidth product, 

or cutoff frequency, Rb is the base series resistance and C c is the collector-base 
capacitance, shows that as f T increases, the maximum operating frequency fMAX 
increases. The relationship is approximate because it is based on a simple 
lumped-element model of the transistor. Actually, the base series resistance Rb 
and collector-base capacitance C c are distributed. More accurate expressions are 
algebraically complex and would obscure, rather than illuminate, the points that 
this approximate expression is used to make. 
[0002] The breakdown voltage of a p-n junction is the reverse voltage beyond 

which a small increase in voltage causes a large increase in current. There are 
two definitions of breakdown voltage in a bipolar transistor. The voltage BV C eo 
is the transistor breakdown voltage measured with the base terminal open. The 
voltage BVcbo is the breakdown voltage of the base-collector junction measured 
with the emitter terminal open. In an indium phosphide (InP) HBT with gallium 
arsenide antimonide (GaAsSb) as the base material, BVcbo is limited by what is 
referred to as the "Zener" tunneling of electrons from the valence band of the 
base to the conduction band of the collector of the HBT. The current thereby 
produced is referred to as the "tunneling current." It is generally desirable to 
maximize the voltage at which this tunneling current flows. 
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[0003] A GaAsSb/InP HBT exhibits superior high-frequency (high fr and fMAx) 

performance. The GaAsSb base forms what is referred to as a "type-II" band 
lineup with the InP collector. The band lineup is ideal in many respects because 
the conduction band offset improves electron transport from the base to the 
collector and the valence band offset minimizes hole transport from the base to 
the collector. The type-II band lineup leads to a desirable "knee" turn-on 
characteristic of the HBT. A good knee turn-on characteristic allows operation at 
a relatively low collector voltage and is important for the efficient operation of 
many circuits into which the HBT will be incorporated. 

[0004] GaAsSb/InP HBTs have the above-described advantages but also a 

breakdown voltage insufficient for a number of potential applications. What is 
needed therefore is a GaAsSb/InP HBT with the above-described advantages , 
but with an increased breakdown voltage. 



Summary of the Invention 

[0005] The invention provides a heterojunction bipolar transistor (HBT), 

comprising a collector formed over a substrate, a base formed over the collector, 
an emitter formed over the base, and a tunneling suppression layer between the 
collector and the base. The tunneling suppression layer is fabricated from a 
material different from the material of the base and that has an electron affinity 
equal to or greater than an electron affinity of the material of the base. 

[0006] The invention additionally provides a method of making an HBT 

comprising providing a substrate, forming a subcollector over the substrate, 
forming a collector over the subcollector, forming a tunneling suppression layer 
over the collector, forming a base over the tunneling suppression layer and 
forming an emitter over the base. 

[0007] The tunneling suppression layer increases the breakdown voltage of an 

HBT by decreasing the probability of electrons tunneling from the valence band 
of the base to the conduction band of the collector. 
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Brief Description of the Drawings 

[0008] The invention can be better understood with reference to the following 

drawings. The components in the drawings are not necessarily to scale, emphasis 

instead being placed upon clearly illustrating the principles of the present 

invention. Moreover, in the drawings, like reference numerals designate 

corresponding parts throughout the several views. 
[0009] FIG. 1 is a band diagram of the base-collector junction of a GaAsSb/InP 

HBT under reverse bias. 
[0010] FIG. 2 is a block diagram illustrating a heteroj unction bipolar transistor 

(HBT) constructed in accordance with an embodiment of the invention. 
[001 1] FIG. 3 is a band diagram of the base-collector junction of a gallium 

arsenide antimonide/indium phosphide HBT, including the tunneling suppression 

layer of FIG. 2, under reverse bias. 
[0012] FIG. 4 is a band diagram of the base-collector junction of a gallium 

arsenide antimonide/indium phosphide HBT, including an alternative 

embodiment of the tunneling suppression layer of FIG. 2, under reverse bias. 
[0013] FIG. 5 A is a schematic diagram illustrating a tunneling suppression layer 

having a constant electron affinity as shown in FIG. 3. 
[0014] FIG. 5B is a schematic diagram illustrating a tunneling suppression layer 

having an electron affinity that varies with depth. 
[0015] FIG. 5C is a schematic diagram illustrating a tunneling suppression layer 

having a stepwise-varying electron affinity. 
[0016] FIG. 6 is a flowchart describing the construction of an HBT in accordance 

with an embodiment of the invention. 



Detailed Description of the Invention 

[0017] A band diagram 10 for the base-collector junction of an HBT having a 

GaAsSb base and an InP collector is shown in FIG. 1 and shows a type-II band 
lineup. The band diagram 10 plots electron energy against physical distance in 
the direction orthogonal to the plane of the layers of the device. The band 
diagram 10 shows the conduction band energy, Ec, (12 for the base and 14 for the 
collector) the valence band energy Ev, (16 for the base and 18 for the collector) 
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and the vacuum level 22 under reverse bias. The vacuum level is a reference 
defining the energy of a free electron. The electron affinity, x ( c hi), is the 
difference in energy between the vacuum level 22 and the conduction band 
energy, Ec, of a semiconductor. The electron affinity, x, is the energy needed to 
free an electron present in the conduction band of a semiconductor. Since the 
vacuum level is continuous, the conduction band offset is the difference in the 
electron affinity between two semiconductors. 

[0018] The band lineup of a GaAsSb/InP HBT, while encouraging electron 

transport, is unfavorable since it increases the probability of electrons tunneling 
from the valence band of the base into the conduction band of the collector. The 
tunneling probability is increased because the distance between the valence band 
of the base and the conduction band of the collector is relatively short, as 
illustrated by arrow 26 in FIG. 1 . Increasing the tunneling probability will reduce 
the breakdown voltage, BVcbo- In addition to the tunneling distance, the 
tunneling probability is also dependent upon several other factors, such as the 
energy barrier at the base-collector junction, the electron and hole mass in the 
energy barrier, and the density of states available for tunneling. 

[0019] FIG. 2 is a block diagram illustrating a heteroj unction bipolar transistor 

(HBT) 100 constructed in accordance with an embodiment of the invention. The 
HBT 100 can be formed using various semiconductor material systems. In this 
example, the semiconductor layers of the HBT are grown on an indium 
phosphide (InP) substrate 102. A layer of indium phosphide approximately 500 
nanometers (nm) thick is grown over the indium phosphide substrate 102 and 
forms the subcollector 104. A layer of indium phosphide approximately 300 nm 
thick is grown over the subcollector 104 and forms the collector 106. 

[0020] A tunneling suppression layer 1 10 is grown over the collector 106. The 

tunneling suppression layer 1 10 is fabricated of a material containing two or 
more of the elements aluminum, gallium, indium, nitrogen, phosphorous, arsenic 
and antimony. For example, the tunneling suppression layer 110 can be 
fabricated using aluminum gallium indium arsenide (AlGalnAs) or aluminum 
indium arsenide phosphide (AlInAsP). In one embodiment, the tunneling 
suppression layer 1 10 is formed using AlGalnAs having the composition 
Alo.33Gao.15Ino.52As. Other compositions can be used depending on the desired 
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characteristics of the HBT 100. For example, composition of the AlGalnAs can 
be Ali- x -yGa x In y As, where 0.09<x<0.25, and y=0.52. The tunneling suppression 
layer 1 10 is grown to a thickness of approximately 10 to 50 nm, and is typically 
about 25 nm thick. 

[0021] A layer of gallium arsenide antimonide (GaAsSb) approximately 30 nm 

thick is grown over the tunneling suppression layer 110 and forms the base 108. 
A layer of indium phosphide approximately 100 nm thick is formed over the base 
108 and forms the emitter 112. The emitter can also be formed from other 
materials, such as aluminum indium arsenide (AlInAs), aluminum gallium 
indium arsenide (AlGalnAs), aluminum indium arsenide phosphide (AlInAsP) or 
another composition containing two or more of the elements aluminum, gallium, 
indium, nitrogen, phosphorous, arsenic and antimony. Collector contacts 114 and 
116, base contacts 118 and 122, and emitter contact 124 are then formed on the 
subcollector 104, base 108 and emitter 1 12, respectively, after etching down to 
those respective layers. 

[0022] The tunneling suppression layer 1 10 is formed from a material different 

than the material from which the base 108 is formed. Furthermore, as will be 
described below, the electron affinity, %, of the material from which the tunneling 
suppression layer 1 10 is formed is equal to or greater than the electron affinity of 
the material from which the base 108 is formed. An electron affinity difference 
between the material from which the tunneling suppression layer 1 1 0 is formed 
and the material from which the base 108 is formed can be, for example, on the 
order of 0.03 eV and still be considered to be equal. In this example, the 
composition of the aluminum gallium indium arsenide material of the tunneling 
suppression layer 1 10 is chosen to have an electron affinity, %, equal to or greater 
than the electron affinity of the gallium arsenide antimonide material of the base 
108. 

[0023] FIG. 3 is a band diagram 200 of the base-collector junction of a gallium 

arsenide antimonide/indium phosphide HBT, including the tunneling suppression 
layer of FIG. 2, under reverse bias. As mentioned above, the band diagram 200 
plots electron energy against distance. The vacuum level is indicated at 222, the 
energy level of the conduction band in the base is indicated using reference 
numeral 212, and the energy level of the conduction band in the collector is 
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indicated using reference numeral 214. The energy level of the valence band in 
the base is indicated using reference numeral 216 and the energy level of the 
valence band in the collector is indicated using reference numeral 218. The 
electron affinity, x> is indicated using numeral 232. The electron affinity^, of an 
electron in a GaAsSb base is about 4.25eV. 

[0024] In accordance with an embodiment of the invention, locating the tunneling 

suppression layer 110 between the collector 106 and the base 108 of the HBT 100 
as shown in FIG. 2, increases the distance through which an electron must tunnel 
from the valence band of the base to the conduction band of the collector. This 
distance is shown by arrow 226, and represents an increase in the tunneling 
distance through which an electron must travel when compared to an HBT 
without the tunneling suppression layer. The dotted line 230 shows the 
conduction band energy of the tunneling suppression layer 110. For reference, 
the dotted line 230 is shown overlaid on the conduction band energy 214 of a 
collector without a tunneling suppression layer. The electron affinity, %, of the 
tunneling suppression layer is shown using arrow 236, which, in this example, is 
about 4.3 eV. For reference, the electron affinity, %, of an electron in the 
conduction band of an InP collector is shown using arrow 234, which indicates an 
electron affinity of 4.4 eV. 

[0025] The tunneling suppression layer 110 increases the reverse (breakdown) 

voltage of the HBT 1 00 by reducing the probability that an electron will tunnel 
from the valence band of the base to the conduction band of the collector. 
Effectively, the distance through which an electron must tunnel from the valence 
band of the base to the conduction band of the collector is increased as shown by 
arrow 226. Because the electron affinity of the tunneling suppression layer 1 10 is 
substantially equal to or greater than the electron affinity of the base, the 
tunneling suppression layer 110 does not impede the desirable conduction band 
flow of electrons from the base to the collector. Thus, the desirable "knee" turn 
on characteristic of the HBT 100 is maintained and the HBT 100 exhibits high 
current flow at low voltage. 

[0026] The electron affinity, x> at the junction 224 of the base and the tunneling 

suppression layer 1 10 is slightly offset to reduce the barrier (i.e., provide 
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additional energy) to electrons moving from the base to the collector via the 
conductor band. 

[0027] Offsetting the effect of introducing a tunneling suppression layer 1 10 is 

that most of the commonly available material compositions for the tunneling 
suppression layer 110 (aluminum gallium indium arsenide or aluminum indium 
arsenide phosphide) have either one or both of a lower effective mass for electron 
tunneling and a smaller hole tunneling barrier (valence band offset) than indium 
phosphide. Both of these effects will act to increase the tunneling probability and 
thereby reduce the breakdown voltage. These effects create a tradeoff with the 
increased tunneling distance provided by the tunneling suppression layer 110. 
Simulation studies were performed to assist in the design of the tunneling 
suppression layer 110 and to verify the decrease in tunneling probability. 
Simulation results show that a tunneling suppression layer 110 reduces the 
collector current, and thereby reduces the tunneling probability in an HBT for a 
given collector-base voltage. 

[0028] FIG. 4 is a band diagram 300 of the base-collector junction of a gallium 

arsenide antimonide/indium phosphide HBT, including an alternative 
embodiment of the tunneling suppression layer of FIG. 2, under reverse bias. 
The tunneling suppression layer in FIG. 4 has a graded electron affinity, %. The 
dotted line 330 illustrates a tunneling suppression layer 110 that has a graded 
electron affinity, x> that varies with the distance that an electron travels into the 
tunneling suppression layer. The step 324 in electron affinity from the base to the 
tunneling suppression layer 1 10 is represented by Ax and the increase in electron 
affinity across the tunneling suppression layer 1 10 is represented by A% 1 in FIG. 
5B. The electron affinity, x> near the junction 324 of the base and the tunneling 
suppression layer 1 10 is slightly offset to reduce the barrier to electrons moving 
from the base to the collector via the conduction band. By changing the 
composition of the aluminium gallium indium arsenide tunneling suppression 
layer over the depth of the layer, a graded tunneling suppression layer is formed 
that provides the desirable low knee voltage and also reduces tunneling current. 

[0029] FIG. 5 A is a schematic diagram 400 illustrating the electron affinity of a 

tunneling suppression layer having a constant electron affinity, x ? as shown in 
FIG. 3. The electron affinity, x, of the tunneling suppression layer 410 at the 
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junction 412 of the base 402 and the tunneling suppression layer 410 is slightly 
offset by Ax to reduce the barrier to electrons moving from the base to the 
collector via the conduction band. The electron affinity of the tunneling 
suppression layer 410 remains constant toward the collector 404. In this 
example, a composition of approximately Alo.33 Gao.15 Ino.52 ^ s provides a Ax of 
approximately 0.07 eV. Alternatively, a composition of up to approximately 
Alo.37Gao.11Ino.52 As having the same electron affinity, x, as a GaAsSb base may 
be used at the expense of an increased barrier to electrons moving from the base 
to the collector via the conduction band. 
[0030] FIG. 5B is a schematic diagram 420 illustrating the electron affinity of a 

tunneling suppression layer having an electron affinity, x, that varies with the 
depth of the tunneling suppression layer 110. The variation in electron affinity 
may be realized by using a tunneling suppression layer 430 comprising Ali. x . 
y GaJn y As, where 0.09<x<0.25, and y=0.52, and having a greater gallium mole- 
fraction near the collector than near the base. For example, varying x from 
approximately 0.12 at the base side of the tunneling suppression layer to 
approximately 0. 1 5 at the collector side of the tunneling suppression layer results 
in a Ax of approximately 0.03eV in a region 432 near the base 422 and a Ax 1 of 
approximately 0.04eV. In this example, the Ax in the region 432 near the base 
422 provides a reduced barrier to electrons moving from the base to the collector 
via the conductor band, and the grade provides extra energy to these electrons 
while traversing the tunneling suppression layer 430. The grade of the tunneling 
suppression layer 430 corresponds to the dotted line 330 in the band diagram of 
FIG. 4. 

[0031] FIG. 5C is a schematic diagram 440 illustrating a tunneling suppression 

layer having a step-wise graded electron affinity. The electron affinity of the 
tunneling suppression layer 450 at the transition 452 near the base 442 is larger 
than the electron affinity of the base by Ax 1 and remains fixed until a transition 
454, where it further increases by a value of Ax 2 . For instance, a tunneling 
suppression layer constructed of a 10 nm thick layer of Alo.35Gao.13Ino.52 As 
followed by a 15 nm thick layer of Alo.32Gao.i6lno.52 As will produce the stepwise 
grading structure shown in FIG. 5C. Alternatively, compositions up to and 
including Alo.26Gao.22Ino.52 As, which would have approximately the same electron 
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affinity as InP, may be used. In addition, the tunneling suppression layer could 
be formed using more than two transitions in which the electron affinity would 
increase from the base to the collector. The composition of the AlGalnAs can be 
Ali- x - y Ga x In y As, where 0.09<x<0.25, and y=0.52. 

[0032] Alternatively, a tunneling suppression layer can be fabricated using a 

composition of AlInAsP formed by, for example, combining AlInAs and InP. A 
composition of AlInAsP that has the same electron affinity, x, as GaAsSb in the 
conduction band can be formed by combining 41% InP with 59% AlInAs. A step 
in the electron affinity of Ax =0.07 eV can be introduced by combining 70%InP 
with 30% AlInAs. The example is for AlInAs grown lattice matched to InP, 
which occurs using a composition of Alo.4sIno.52 As. For AlInAsP to have an 
electron affinity, x, greater than the electron affinity of GaAsSb in the conduction 
band, a higher InP fraction may be used, up to a composition of 100% InP. For 
example, a tunneling suppression layer having the grade shown in FIG. 5B may 
be formed by using a composition of InAlAsP having 58% InP and 42% InAlAs 
near the base and 75% InP and 25% InAlAs near the collector, and linearly 
interpolating in between. This would result in Ax= 0.04 eV and Ax -0.04 eV. 

[0033] In an alternative embodiment, the tunneling suppression layer may be 

formed of a composite referred to as a "digital alloy." A tunneling suppression 
layer of AlGalnAs can be formed of a digital alloy by, for example, forming thin 
layers of AlInAs alternating with thin layers of GalnAs. The layers can be 
formed using a thickness of a few monolayers. For example, a tunneling 
suppression layer of Alo.33 Gao.is Ino.52 As, can be formed using alternating layers 
of Alo.48lno.52As and Gao.47Ino.53As. Alternative composites, such as aluminum 
indium arsenide phosphide (AlInAsP) comprising alternating layers of aluminum 
indium arsenide (AlInAs) and indium phosphide (InP), can be formed depending 
on the desired characteristics of the tunneling suppression layer. 

[0034] FIG. 6 is a flowchart describing a method of constructing an HBT in 

accordance with an embodiment of the invention. In block 502 a substrate of 
indium phosphide is provided. In block 504 a subcollector layer of indium 
phosphide is formed. In block 506 a collector layer of indium phosphide is 
formed. In block 508 a tunneling suppression layer is formed. The tunneling 
suppression layer can be formed using aluminum gallium indium phosphide, 
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aluminum indium arsenide phosphide, or a combination of two or more of 
aluminum, gallium, indium, nitrogen, phosphorous, arsenic and antimony. In 
block 510 a base layer of gallium arsenide antimonide is formed. In block 512 an 
emitter layer of indium phosphide is formed. The emitter may also contain two 
or more of aluminum, gallium, nitrogen, arsenic and antimony. 

This disclosure describes the invention in detail using illustrative 
embodiments. However, it is to be understood that the invention defined by the 
appended claims is not limited to the precise embodiments described. 
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